In hamsters, the expression of a learned preference for context depends upon a temporal match between the time of training and testing. In the present experiments, we investigated the role of the biological clock in the suprachiasmatic nucleus (SCN) as a provider of temporal information underlying this time dependent modulation of cognitive performance. Hamsters were tested using the conditioned place preference task (CPP) before and after ablation of the SCN. Arrhythmic animals continued to show time-of-day modulation of the CPP when trained and tested in the absence of the SCN. This supports the notion that time of day information is a component of context representation for the hamster (Antoniadis et al., 1999) , and indicates that an oscillator outside of the SCN is responsible for time discrimination in reward-based learning.
Introduction
Associations between daily or circadian rhythmicity and cognitive performance are indicated by a variety of different types of evidence. First, in humans and animal models, cognitive processing varies with the time of day or phase of the circadian cycle, with optimal times of day reported for learning and performance of certain tasks (Holloway & Wansley, 1973a,b; Wansley & Holloway, 1975; Folkard & Monk, 1985; May et al., 1993; May & Hasher, 1998; Winocur & Hasher, 2000) . Second, cognitive performance is impaired in many situations where circadian rhythms are disrupted. For humans, these include shiftwork, transmeridian flight, psychiatric disorders, and aging. Recently, impairments in performance of learning tasks in aged animals have been shown to be correlated with rhythm fragmentation (Antoniadis et al., 2000) . In addition, rapid shifts of light schedules that are known to cause rhythm disorganization also impair memory retention on active and passive avoidance tasks (Davies et al., 1974; Tapp & Holloway, 1981; Fekete et al., 1985) and spatial learning tasks (Devan et al., 2001) . Third, the time of day or circadian phase may be specifically learned in some paradigms. For many organisms, the ability to learn, remember, and respond according to the specific timing of events has an enormous adaptive significance (Enright, 1975; Wallraff, 1981; Gould, 1987; Gallistel, 1990; Biebach et al., 1991) .
In mammals, circadian rhythms of physiology and behavior are produced and coordinated by a clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Ralph et al., 1990) . A reasonable hypothesis therefore, is that the SCN is the site of a mechanism that is responsible for daily modulation of learning and cognition. Although time of day modulation of a passive avoidance response is abolished following lesioning of the SCN (Stephan & Kovacevic, 1978) , some learning that uses time of day as a discriminative cue may be performed in the absence of a functional SCN (Stephan et al., 1979; Boulos et al., 1980; Mistlberger & Rusak, 1988; Mistlberger et al., 1996) . Moreover, it is increasingly apparent that tissues outside the SCN, both central and peripheral, may be capable of generating oscillations in the circadian range (Tosini & Menaker, 1998; Sakamoto et al., 1998; Oishi et al., 1998; Zylka et al., 1998; Coward et al., 2001; Yamazaki et al., 2000) .
These findings raise the question of what function the SCN might have in the temporal regulation of cognitive performance. Recently we found that time of day is an attribute of environmental contexts that is learned during reward-associated context conditioning (conditioned place preference task; CPP) in hamsters (Antoniadis et al., 2000; Ko et al., 1999) . In these experiments, hamsters developed a place preference but exhibited the preference only at the time of day that they were trained. This phenomenon continues to be exhibited by animals that are trained and tested in constant light conditions suggesting that external time cues are not being used. Timing in these cases is not a discriminative cue, but is a changing internal state that becomes associated with the reward nonetheless. In the experiments presented here, we have tested the hypothesis that the biological clock in the SCN is responsible for providing time of day information that results in the temporal modulation of context preference in hamsters. Specifically, we have asked whether the expression of context learning changes with time of day following ablation of their SCN.
Materials and Methods

Subjects
Sixty-four male Golden hamsters (Mesocricetus auratus) were obtained from Charles River Canada (Montreal, Quebec), and were between 80 and 90 days old at the beginning of the experiment. Animals were housed individually in polypropylene cages (22 cm ¥ 44 cm ¥ 20 cm) with free access to food, water, and a stainless steel runningwheel (17 cm in diameter). Wheel running activity was monitored continuously throughout the experiment using VitalView (MiniMitter Co, Inc, Sunriver, Oregon). Cages were kept inside light-tight ventilated boxes (6 cages per box) that were illuminated by two GE Cool White fluorescent tubes that provided 90-100 lux illumination at the floor of each cage. The hamsters were kept in a light-dark cycle of 14-h light and 10-h dark (LD 14 : 10) . The choice of light cycle was based on other experiments showing that the time stamp produced during the CPP training is not altered by the presence or absence of a light cycle, but is associated with the internal representation of time .
Experimental procedures
Animals were randomly assigned to one of eight groups. The organization of the procedure is outlined in Table 1 . All hamsters were trained in the CPP paradigm twice with appropriate counterbalancing of context chambers and testing time. Training was conducted at Zeitgeber time (ZT) 13-14 with ZT12 defined as lights off. Testing was done at ZT13 and ZT04. [For the hamster with a freerunning period near to 24-h and Temporal Gating on a Renewed-based Learning and Memory TaskTable 1 . Experimental Groups and Timeline. ZT12 = lights off. Onset of nocturnal wheel running occurred at lights-off. Training was performed daily at ZT13 (1 h after lights off). Lesioned animals showing residual circadian locomotor rhythmicity were omitted from the analysis. Final n = 53. Test at CT13 Test at CT4 Test at CT13 Test at CT4 (n = 13) (n = 11) (n = 14) (n = 15) Animals were initially entrained to the LD14 : 10 cycle for 2 weeks. Once stable entrainment had been established, each animal was subjected to the first of the two CPP protocols. CPP itself comprises three phases. Phase 1 establishes the neutrality of the two contexts being used. Phase 2 involves 8 days of conditioning in which the reward (in this case a running wheel) is presented in one of the contexts on alternate days. Phase 3 tests the degree to which a preference for a context has been established during Phase 2.
Surgical procedures
The objective of this initial training procedure is to establish that CPP can be induced, and in this experiment, to verify that time of day is learned in the process. Because the CPP procedure is applied twice to the same animals, it is necessary to use two different pairs of contexts. Therefore, half of the animals were trained using Contexts A and B, and the other half using Contexts C and D, described below.
About 2 weeks after the conclusion of CPP-I, 50% of the animals trained on each pair of contexts were given SCN lesions. The remaining animals served as shamoperated controls. Successful lesions produced arrhythmic patterns of behavior in the locomotor records according to Fourier and periodogram analyses (cf. Fig. 1 ). Animals whose circadian rhythms returned within three weeks following surgery were removed from the experiment resulting in a final n of 53.
All animals were then trained a second time on the CPP paradigm (CPP-II), using the alternate pair of contexts from that used in CPP-I.
The CPP paradigm
Animals were entrained to an LD (14 : 10) cycle before beginning the CPP paradigm. All training and testing procedures were conducted in the light. This additional exposure to light did not significantly affect the animals' entrainment to the given LD cycle (see Figs. 1 and 2). On Day 0, animals were handled individually for 5 min by the experimenter. On Day 1, animals were individually pre-exposed to the entire apparatus. They were placed in the alley and given free access to both chambers for a total period of 10 min.
Day 2 to Day 9 were conditioning days. On each day, for 8 days, animals were confined individually for 30 min in one of the two chambers. The running-wheel was present in the 'paired' context. The order in which the animals experienced each context was counterbalanced so that half the group was confined in the paired context on Day 1 and confined in the unpaired context on Day 2. The other half of the group was confined in the unpaired context on Day 1 and confined to the paired context on Day 2. Context presentation was alternated so that all animals experienced four exposures to each. The chamber that served as the paired context was also counterbalanced so that the wheel was present for a half of the animals in Context A (or C) and the other half in Context B (or D).
On the test day, animals again were individually placed into the alley and given free access to the entire apparatus for 20 min. Animals were considered to be dwelling inside of a chamber when both forepaws were past the threshold of the doorway into the chamber. When both forepaws were past the threshold of the doorway into the alley, animal was considered as being outside of the chamber. Time spent dwelling in the paired context was noted to represent a measure of appetitive context learning and thus, an expression of context preference.
CPP Apparatus
Two pairs of context chambers were used: triangle-octagon pair and square-pentagon pair. Each context differed in up to three dimensions: color, shape and odor. Two chambers of each pair were connected by an alley (16.5 cm ¥ 11 cm ¥ 11 cm) into which animals were placed during pre-exposure and testing. The entire structure was placed on a Plexiglas table. A mirror, inclined by 45 degrees, was placed on the floor of the testing room providing experimenter with a non-intrusive view of the chambers. A video camera was placed in front of the mirror to allow the experimenter to videotape all phases of the experiment for future reference.
Surgery
SCN lesions were performed under pentobarbital anesthesia using an electrolytic lesion maker (Grass LM-5 DC). Stainless-steel electrode insulated with epoxylite except at the tip (0.2 mm) was used. Stereotaxic coordinates were +0.6 mm anterior to bregma and -8.2 mm below the skull surface directly on the midline. Tooth bar was set at -2.0 mm. A 4 mA DC current was delivered for 14 s and the electrode was kept stationary for additional 5 min before it was removed from the animal's head. Sham surgeries were also performed under pentobarbital anesthesia. Some of the sham animals received an incision on top of the head that was sewn back together.
Data analysis
The results are statistically evaluated using a 2 ¥ 2 ANOVA (testing time and chamber context) on the dwelling time in both chambers. Planned comparisons were used to determine the difference in the amount of time spent in each chamber.
Histology
The SCN-lesioned animals were perfused intracardially with saline followed by 4% paraformaldehyde. Brains were removed and stored for 2-3 days in a 4% paraformaldehyde-30% sucrose solution. They were then frozen and sectioned at 40 mm. Sections were mounted on gelatin-coated glass slides, dried for at least one day, rehydrated in distilled water (4 min), and gradually dehydrated in 95 and 100% ethanol. To reveal the anatomical landmarks, sections were stained using 0.1% cresyl violet. Slides were cleared in Hemo-De and coverslipped with Permount.
Results
Locomotor activity
Examples of activity records from experimental and control animals are shown in Figures 1 and 2 . All animals with an intact SCN were entrained to the LD14 : 10 lighting schedule. Animals with SCN lesions showed no rhythmicity in the circadian range.
Small shifts (delays) in the timing of activity onset during CPP training were due to the additional light exposure after ZT12. This change in the phase angle of entrainment averaged -30 min, and in one case, no shift was elicited. The circadian time of training was altered by less than an hour in all cases. For arrhythmic, SCN lesioned animals, CPP training caused a short bout of running following each training session. There was no anticipatory running, and no influence of the light cycles (masking) on the patterns of activity.
CPP-1, all animals
The mean amount of time spent in the initial pairs of context chambers (either triangle-octagon pair or square-pentagon pair) during pre-exposure phase was same for all subjects. 
CPP-1, experimental versus control
Animals then were randomly assigned to SCN lesion and sham control groups. The data from CPP-I were re-analyzed to ensure that there had not been an inadvertent concentration of good and poor learners into experimental and control groups. Both the lack of preference during pre-exposure and the phase dependent preference following conditioning were preserved in both experimental and control groups (Figs. 3 and 4, respectively; Table 2 ).
CPP-II
During pre-exposure in the second (alternate) pair of context chambers, the mean amount of time spent in each of the contexts was not statistically different for either control or experimental groups (Figs. 5 and 6, respectively; Table 3A ). However, both Figure 3 . CPP-I, pre-and post-conditioning preferences for experimental (to be lesioned) animals. Group A was trained at ZT13 and tested at ZT04. Group B was trained at ZT13 and tested at ZT13. A significant preference for the paired context is indicated by the asterisk above the fourth pair of bars. Statistical analysis is shown in Table 2A . Table 2B . Figure 5 . CPP-II, pre-and post-conditioning preferences for SCN lesioned animals. See Figure 3 . Statistical analysis is shown in Table 3A . Figure 6 . CPP-II, pre-and post-conditioning preferences for intact control animals. See Figure 3 . Statistical analysis is shown in Table 3B . groups developed preferences for the paired chamber when tested at ZT13. The preference was not displayed at ZT04 testing in either of the groups (Table 3B) .
Wheel use on conditioning days
The total amount of time spent running during conditioning phase for the SCN lesioned and the control group were noted. When the total amount of running time was compared between the groups as the percent of total time in the paired chamber, the difference between the groups was not significant (p > 0.05). The amount of time spent running on the wheel for each animal was also examined in relation to the individual amount of preference exhibited on the test day. There was no correlation between the amount of time spent running and the amount of preference shown on the test day (p > 0.05).
Histology
Light microscopic examination revealed that 21 of 32 hamsters sustained complete ablations of the SCN, with minor damage to adjacent hypothalamus. These animals exhibited arrhythmic patterns of behavior.
Discussion
The main finding of this experiment is that the dependence of CPP expression on time of training is maintained in the absence of a functional SCN. This is a direct demonstration that the capability of learning time of day, or phase of the circadian cycle, is a property of an unknown site outside of the SCN. It implies that the ability to keep track of circadian time is not vested solely in the SCN. There is a subtle but important difference between the CPP findings reported here and previously published (Antoniadis et al., 2000; Ko et al., 1999; Ralph et al., 2002) , and the results of experiments where time has been used as a discriminative cue. A fundamental property of the central nervous system is the ability to form associations between the occurrence of stimuli that are important to the animal and predictive elements of the environment. To do this, organisms use both interval timers to predict events based on the time elapsed since a learned cue (Malpani & Fairhurst, 2002) , and circadian clocks to predict events that recur with daily frequency (see Hinton & Meck, 1997 for review) . Interval timers are used by organisms to predict events that occur within seconds or minutes of a stimulus cue, and circadian systems are used to predict events that occur each day (environmentally imposed timing intervals). Interval timers are flexible and are useful over a range of durations, but their accuracy is a scalar function of the length of the measured interval (see Malpini & Fairhurst, 2002, for review) . On the other hand, circadian clocks are accurate over long periods of time, but are limited to measuring intervals close to their natural period. The neural substrates for the two are distinctly different: Interval timing is performed by frontal cortex and striatal mechanisms (Meck & Benson, 2002) , and daily timing is a property of the suprachiasmatic nucleus.
In the hamster CPP experiments, though, time is not a discriminative cue. In other words, the memory of training time is not required to distinguish between rewardpaired and unpaired contexts. Yet time of day or circadian cycle (training time) is registered, and the expression of learning on the CPP task is modulated not by circadian time per se but by temporal proximity of test time and training time. This means that the mechanism underlying context learning in the hamster is predisposed to anticipate a 24-h recurrence without specific temporal conditioning.
Because the expression of place learning in hamsters occurred in the absence of an intact SCN, the identities of the underlying structures for learning on the CPP paradigm are not clear. The ability to register and recall time cues could be explained with either a circadian oscillator model or an interval timing mechanism. The interval timer explanation is based on the notion that hamsters learn a discrete interval between lights off and the presentation of the reward. Certainly animals produce different behavioral responses at different levels of illumination (Valentinuzzi et al., 2000) , therefore might treat the change in illumination at lights on or off as signals to start the timer. However, current data favour the circadian oscillator model because (1) interval timers that have been studied are generally used for intervals of seconds and minutes, and possibly hours, and the error associated with timing 24-h intervals would be high; (2) other experiments that have been conducted in constant conditions still produced the same phenomenon but the environment would not have provided the time cues required to initiate an interval timer ; (3) reward presentation in the CPP experiments occurs at 48-h not 24-h intervals.
Circadian modulation of learning therefore appears to occur at two levels at least. First, there is evidence that each step in the learning process is modulated according to time of day or phase of the circadian cycle. In particular, multiple retention deficits have been reported in rats on one-trial learning tasks including active avoidance, passive avoidance and appetitive tasks (Kamin, 1957; Holloway & Wansley, 1973a,b; Wansley & Holloway, 1975; Hunsisker & Melgren, 1977) . Some of this modulation could be imposed by the clock in the SCN. This notion is supported by reports that some rhythmicity on learning tasks is eliminated following SCN lesions (Stephan & Kovacevic, 1978) .
On the other hand, the ability to learn and remember time of day is a property that clearly does not require the SCN. Circadian oscillations have been demonstrated in tissues outside the SCN, and there is now evidence that circadian oscillations can be produced without the normal activity of the canonical clock genes (Coward et al., 2001) . It seems quite reasonable that an entire organism might be predisposed to operate most efficiently in 24-h cycles, driven ultimately by the SCN and the outside world. Thus, the temporal control of learning and performance involves both rhythmic gating by the SCN, as well as associations of specific events with circadian time -a function of a different brain region.
This might explain the apparent discrepancy between the results reported here that show learning to be intact following complete SCN ablation, and the many previous reports, including our own, that rhythm disruption results in learning impairment. If the normal function of the SCN is to organize physiology into an optimal temporal pattern, then target systems might still be able to operate in its absence. However, a disturbed but intact SCN oscillator could have a deleterious influence on target systems. As we have noted before (Hurd & Ralph, 1998) , it may be better to have no clock at all than one that is continually wrong or unstable.
Interestingly, CPP experiments using rats do not produce the same time-of-day differences as in hamsters even though rats are conditioned quite well in this paradigm . Rats clearly possess the capability of discriminating times of day, hence the explanation for the different result lies most likely in the ecological relevance that timing has for the two species. In general, the locomotor rhythms of the hamster indicate a strong temporal gating of activity so that it is concentrated at the beginning of the night (or subjective night in constant conditions). In the rat, locomotor behavior tends to be more distributed through the nighttime. This difference in behavior suggests that the hamster may be predisposed to use circadian timing to restrict its behavior to times when the reward to risk ratio is greatest whereas the rat may rely more on time as a discriminative cue.
